ABSTRACT: Nine chemical reaction models for equilibrium schemes and six chemical models for non-equilibrium ones are studied, considering different conditions found in real liquid oxygen/liquid hydrogen rocket engines. Comparisons between two eight-species models have shown that the most complex is the best one. Besides, it was also verified that the most complex model has been the fastest, among sixand eight-species models. Both combustion temperature and thermochemical/transport properties depend only on the chemical species considered by the used model. Comparisons among results from the implemented code (Gibbs 1.3), Chemical Equilibrium with Applications and Thermochemical Information and Equilibrium Calculations, these last two codes from NASA, have shown that Gibbs 1.3 evaluates correctly both combustion temperature and thermochemical properties. Furthermore, analyses have shown that mass generation rates are very dependent on third body reaction equations and forward reaction constants.
INTRODUCTION
The hydrogen/oxygen (H 2 /O 2 ) combustion systems have many attractive features, including high specific impulse for rocket engine applications, clean-burning feature for achieving environmentally friendly combustion products, reliable ignition and high combustion efficiency. Even though there are only two elements involved, the chemical reaction mechanisms of H 2 /O 2 systems are quite complex, involving various steps of chain reactions. This system is also important as a subsystem in the oxidation process of hydrocarbons and moist carbon monoxide (Kuo, 2005; Turns, 2000) .
Due to the fact that complex mechanisms are evolutionary products of the chemists' thoughts and experiments (Turns, 2000) , several studies have been published recently about the mathematical models for hydrogen ignition, the reaction kinetics and/or the flame propagation. For example, Bedarev and Fedorov (2006) compared three mathematical models of hydrogen ignition, for the reactive flow behind the front of an initiating shock wave. Smith et al. (2007) studied the combustion zone near the injection of a liquid rocket engine thrust chamber in order to evaluate the influence of reduced pressure on the flame formation and combustion efficiency. Fernández-Galisteo et al. (2009) proposed and studied a short mechanism consisting of seven elementary reactions for hydrogen-air lean-flame burning velocities.
The knowledge of species formed by liquid oxygen/liquid hydrogen (LOX/LH 2 ) combustion is the first step for a complete study involving combustion mixture gases flow, heat transfer and coolant pressure drop in a real cryogenic H 2 O 2 rocket engine, such as Space Shuttle or Vulcain Engine of Ariane Launcher.
At high temperatures, such as those found in rocket thrust chambers, effects of dissociation become important and new species must be considered (Anderson Jr., 2003) . In such situations, it is necessary the study of chemical equilibrium and non-chemical equilibrium.
For both equilibrium and non-equilibrium reaction schemes, thermodynamic properties of species are required to define properly the mixture of gases' composition. Such properties can be easily taken from thermodynamic tables and/or graphics. In this work, however, it is used the method presented by McBride et al. (1993) , in which libraries for thermodynamic and transport properties for pure species can be found. Nine different reaction models are used to obtain equilibrium composition. In the simplest one, only 3 chemical species are considered: H 2 , O 2 and H 2 O, without chemical dissociation reactions. In the most complete scheme, 8 species (H 2 , O 2 , H 2 O, H, O, OH, H 2 O 2 and HO 2 ) and 18 chemical reactions are studied. For non-equilibrium studies, 6 different models are used, involving only 6 or 8 species. These models are essentially the same ones used at equilibrium schemes, but taking into account third body species (and also, third body reactions).
Two different kinds of comparisons are presented in this work. Firstly, five couples of temperature and pressure values are chosen, intending to cover all range of values found in a real rocket thrust chamber. The results were compared with those obtained from Chemical Equilibrium with Applications (CEA; Glenn Research Center, 2005) and Thermochemical Information and Equilibrium Calculations (Teqworks; Gordon and McBride, 1971) , both codes from NASA. Secondly, it is studied the combustion temperature of LOX/LH 2 reactions at different oxidant/fuel mass ratios and combustion pressures. The obtained results were compared with CEA and Teqworks codes and, for some cases, with other results from literature. Furthermore, results for species generation rates for non-equilibrium models are presented.
The importance of this study is to compare both equilibrium and non-equilibrium models, specially in relation to the importance of the chemical intermediate reactions, which are the base of non-equilibrium flows. The numerical code, whose results are presented in this study, is available from: ftp://ftp.demec.ufpr. br/CFD/projetos/cfd5/relatorio_tecnico_1.
CHEMICAL EQUILIBRIUM
The applied methodology in this work to obtain chemical equilibrium parameters of a mixture of gases can be found in Kuo (2005) and is briefly explained in this section. Firstly, it is considered a chemical reaction in the form:
where A represents each chemical species' symbol, i corresponds to the number of each chemical species, N is the total number of chemical species, j corresponds to a specific chemical reaction, L is the total number of chemical reactions, ѵ ' ij and ѵ '' ij are, in this order, the stoichiometric coefficients of chemical species i in reaction j existent in reagents and products and kf and kb represent, respectively, forward and backward reaction constants.
At chemical equilibrium conditions, for each single chemical reaction j, there is a specific equilibrium constant (K j ), based on partial pressures (p i ). This constant shows how the forward and the backward ways of a reaction j are related at a specific temperature and can be calculated by:
The K j can also be obtained from the variation of the Gibbs 1.3 free energy (ΔG j ), which can be evaluated by:
where g i corresponds to the Gibbs 1.3 free energy of species i, that can be calculated with the methodology presented by McBride et al. (1993) , in which values of constant-pressure specific heat (c), enthalpy (h) and Gibbs 1.3 free energy (g) can be estimated by polynomial equations:
where coefficients for thermodynamic properties estimative (a k ) have particular values for every single chemical species i,
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Ru is the universal constant for perfect gases (8.314510 J/molK) and T corresponds to the absolute temperature (in K) at which the property is been evaluated. Therefore, K j can also be determinated by:
they differ from one dissociation equation at least, reason for considering them independent models.
Model 0
Model 0 is the simplest model implemented at Gibbs 1.3. Dissociation effects are not taken into account by this model, presenting the worst results at high temperatures. The importance of this model, however, is on its equations, that will be used in other models for further calculations. Its global reaction equation is given by:
Similarly, it is possible to evaluate transport properties, such as viscosity (μ) and heat conductivity (k) for a single species i, using the following relations, adapted from McBride et al. (1993) 
REACTION MODELS FOR CHEMICAL EQUILIBRIUM
Nine different chemical reaction models were studied in this work and implemented at Gibbs 1.3 code. These models have 3, 4, 6 or 8 chemical species and from 0 to 18 dissociation chemical reactions. where n is the number of moles of a given chemical species and a is a function of informed value for oxidant/fuel mass ratio (OF), obtained by:
where, M 3 and M 2 are, respectively, the molecular weight of molecular hydrogen (H 2 ) and the molecular weight of molecular oxygen (O 2 ).
Model 9
Model 9 is the most complex model implemented at Gibbs 1.3, since it includes 8 species and 18 different reaction equations. This is the same model used by Kee et al. (1990) Table 2 presents the dissociation equations related to model 9. The resulting system of equations, which must be solved in order to obtain the composition at chemical equilibrium, is presented in Table 3 (where p is the total pressure).
ALGORITHM FOR CHEMICAL EQUILIBRIUM
This section presents the Gibbs 1.3 chemical equilibrium algorithm. It consists in ten steps:
• Definition of data: reactive model number, T, p, OF and numeric parameters (number of iterations and tolerances).
• Reading of thermodynamic coefficients (a ki ) for constant-pressure specific heat, enthalpy and Gibbs 1.3 free energy (Eq. 4 to 6).
• Coefficients' evaluation of Eq. (10): a is based on Eq. (11) and n 1 , n 2 and n 3 are obtained from a simple chemical equilibrium calculus.
• Initialization of reaction degrees (ε j ) for all dissociation reactions, with null-value.
• Evaluation of initial number of moles for every single reactive model species (n i ) and total number of moles (n), based on variables from items Coefficients' evaluation and Initialization of reaction degrees.
• Evaluation of g i , Gibbs 1.3 free energy change and equilibrium constant based on partial pressure for reaction j by Eq. (7).
• Iterative evaluation, for the first dissociation reaction (ε 1 ), by Newton-Raphson method (Turns, 2000) , with calculations made until the maximum number of iterations or up to the tolerance is achieved. This is made for the second dissociation reaction and so on, until the last reaction (L).
• Actualization of the number of moles for n i and n, with obtained results for ε j calculated in item "Iterative evaluation".
• Evaluation of total number of moles variation (Δn). Return to item "Iterative evaluation" until the maximum number of iterations is achieved or while Δn is greater than the chosen tolerance.
• Evaluation of mixture properties, such as mean molecular weight, molar and mass fractions, gas mixture density, constant-pressure specific heat, ratio of specific heats, gases mixture constant, viscosity and thermal conductivity.
COMBUSTION TEMPERATURE
Combustion temperature determination (also known as adiabatic flame temperature) is basically the same problem of
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K 18 n 4 n 8 = n 1 n 7 chemical equilibrium; however, in this case, only the temperatures (or enthalpies) of reagents are known, as well as the chamber pressure and the OF. The problem is basically to equalize the enthalpy of reagents with the enthalpy of products. However, as the composition of gas mixture is dependent on the temperature, an iterative method for obtaining the combustion temperature is needed. In this work, it was used a methodology based on bisection method (Chapra and Canale, 1994) , with chemical equilibrium parameters calculated by equations presented by Kuo (2005) . The same chemical reaction models presented in Table 1 are valid for the implemented combustion temperature determination code. Table 3 presents the non-linear equation system of model 9.
ALGORITHM FOR ADIABATIC COMBUSTION
The implemented algorithm for adiabatic combustion temperature's determination is presented in this section. It consists of the following steps:
• Definition of data: reactive model number, temperature or enthalpy of reagents, p, OF and numeric parameters (iteration numbers and tolerances).
• Idem steps "Reading of thermodynamic coefficients" to "Evaluation of initial number of moles for every single reactive model species and total number of moles" of the section "Algorithm for chemical equilibrium".
• Evaluation of total enthalpy of reagents by:
• Evaluation of temperature variation (ΔT) between old and new temperature. Return to item "Idem steps 'Reading of thermodynamic coefficients' to 'Evaluation of initial number of moles for every single reactive model species and total number of moles' of the section ' Algorithm for chemical equilibrium'" until the maximum number of iterations is achieved or while ΔT is greater than the chosen tolerance.
• Evaluation of mixture's properties, such as mean molecular weight, molar and mass fractions, gas mixture's density, constant-pressure specific heat, ratio of specific heats and gases mixture's constant.
CHEMICAL NON-EQUILIBRIUM
Chemical and vibrational processes take place because of molecular collisions and/or radiation. Third body species have an important role on these processes, providing the energy required to other species by collisions, in order to allow chemical reactions occur. These interactions, however, demand a period of time, something that may not come true in some practical situations, such as the gas flow in a rocket nozzle engine. In such cases, equilibrium conditions are not reached, once it demands infinitely large reaction rates, i.e. instantaneous adjustments to the local temperature and pressure of gases. Therefore, regions where non-equilibrium phenomena take place will appear through the flow and, for these cases, an alternative methodology must be used, in order to consider the reaction time over the composition of the gas mixture (Anderson Jr., 2003) .
To evaluate the mass generation rate of chemical species, some variables must be presented and defined. The first one is the progression rate of reaction j (γ j ), which is concerned about the difference between forward and backward reaction rates and is given by:
where h fuel and h oxidant indicate, respectively, the fuel enthalpy (in the studied case, hydrogen) and the oxidant enthalpy (oxygen).
• First guess: the combustion temperature is considered to be 3,150 K (mean value between 300 and 6,000 K, which corresponds to the range of applicability for a ki ).
• Idem steps "Evaluation of Gibbs 1.3 free energy for each single species" to "Evaluation of total number of moles variation" of the section "Algorithm for chemical equilibrium".
• Evaluation of total enthalpy of products by Eq. (14):
• New estimative for the combustion temperature with bisection method (Chapra and Canale, 1994) .
where C i is the molar concentration of species i in mixture. The species generation rate (θ j ) is obtained from the product between Eq. (15) and the third body effective concentration and can be estimated by:
(15)
where λ j is defined as: in which α ij is the efficiency of chemical species i at a dissociation reaction j.
Unfortunately, there is a lack of information about the efficiency of the existent molecules in a dissociation reaction model. Consequently, it is commonly adopted that the efficiencies of all chemical species are equal to unit and, in this case, the concentration of third body species corresponds to the whole number of existent species (Barros et al., 1990) .
The determination of mass generation rates is obtained by the product of Eq. (16) and represents the difference between formed and consumed number of moles for a reaction j.
REACTION MODELS FOR NON-EQUILIBRIUM
Six different non-equilibrium reaction models are studied in this work and implemented at code Gibbs 1.3. These models have 6 or 8 chemical species, corresponding to models 3, 5, 7, 9 and 10 from equilibrium schemes, according to Table 1 . It is noted that model 3 was split into two non-equilibrium models. Despite the fact that each model has the same species, two different equation systems for forward reaction constants (kf) were considered from works of Barros et al. (1990) and Smith et al. (1987) , which justifies to treat them as two independent models in this section.
MODEL 3.1
Model 3 from equilibrium schemes was split into two different models in non-equilibrium schemes, named model 3.1 and model 3.2. Both models include six different species and the chemical reactions presented in Table 4 .
However, for each chemical reaction of model 3.1, one should take into account the forward reaction constants from Barros et al. (1990) , which are obtained by the relations presented in Table 5 . Based on the forward reaction constants, the progression rates for all reactions can be evaluated by Eq. (15). Taking the efficiencies of all species equal to unity, the parameter λ corresponds to the total concentration (C), and the reaction parameters (θ j ) can be evaluated as θ j = C x γ j , according to Eq. (16). The ώ j can be evaluated by the equations presented in Table 6 .
ALGORITHM FOR NON-EQUILIBRIUM
The implemented algorithm for non-equilibrium is presented in this section. It consists of the eight following steps:
• Definition of data: reactive model number, T, p and initial mass fractions (Y i ).
• Reading of a ki for constant-pressure specific heat, enthalpy and Gibbs 1.3 free energy -Eq. (4) to (6).
• Evaluation of C i for each species i and C.
• Evaluation of: g i ; ΔG j ; and equilibrium constant based on partial pressures (K j ), for each reaction j.
• Evaluation of forward reaction constants (kf j ), for each reaction model. Evaluation of Chemical Equilibrium and Non-Equilibrium Properties for LOX/LH2 Reaction Schemes value for the chosen tolerance to solve the total number of moles; and the maximum number of iterations to evaluate the total number of moles was fixed on 50,000, the same value for maximum number of iterations to evaluate the dissociation rate for each reaction degree. For each problem, the 9 chemical reaction models were used and the results were compared with those obtained from CEA and Teqworks, both codes from NASA, which include the 9 species: the 8 ones considered in models 9 and 10 from code Gibbs 1.3 (proposed in the current work) and ozone (O 3 ). Table 7 presents the thermochemical and transport properties obtained for chemical equilibrium from codes Gibbs 1.3, CEA and Teqworks for 4,000 K and 20 MPa, being ρ the density, frozen c the constant-pressure specific heat, γ the ratio between specific heats and R, the constant of gases. All these parameters are evaluated for the mixture of gases.
It can be seen, from Table 7 , that models considering chemical dissociation, with the same number of species (such as models 3, 4, 5 and 7), present the same results for thermochemical parameters. A briefly view on results presented in Table 8 helps to understand this fact: these models have exactly the same mass fraction configuration. It does not matter the chemical scheme assumed, but only the species taken into account by the model.
Considering the necessary computational time, however, it was verified that model 9 is much faster than model 10, in spite of the greater number of chemical reactions. For a temperature of 2,000 K and a pressure of 0.2 MPa, the necessary time for model 9 to achieve the solution was 0.12 s, while model 10 requires about 13 times more (1.60 s). Even comparing model 9 with 6-species models, model 9 was the fastest. Models 3, 4, 5 and 7 require 0.41, 0.16, 0.15 and 0.23 s, respectively, to achieve the solution. For all cases, it was verified that model 9 was the fastest one (or the second one, only 0.01 s slower than the fastest) among 6-and 8-species models.
where Kcj are the equilibrium constants on molar basis, which are related to equilibrium constants on partial pressure basis by the relation:
• Evaluation of parameters γ j , λ j and θ j , by Eq. (15) to (17). 
NUMERICAL RESULTS
Three different kinds of problems were studied: firstly, chemical equilibrium calculation, in which both combustion chamber temperature and pressure are known; secondly, combustion temperature determination, in which only the enthalpies of reagents and the chamber pressure were known, and temperature of reactions, as well as chemical equilibrium composition, is one of the expected results; thirdly, nonequilibrium mass generation rate evaluation, in which several chemical reaction schemes are compared.
CHEMICAL EQUILIBRIUM
Five different problems were studied, intending to cover all range of values found in a rocket thrust chamber: temperatures vary between 600 and 4,000 K and pressures, between 0.002 and 20 MPa. OF chosen was the stoichiometric one (7.936682739), because this is the mass ratio which offers the greatest difficulties for numerical convergence. The chosen tolerance to solve the reaction degrees of dissociation equations was 10 -12 , the same 
The percent error, shown at some of the following tables and presented in the sequence, is evaluated according to the following expression:
and CEA are compared. For viscosity, relative errors are lower than 5% and, for thermal conductivity, the errors achieve 15%. The relative errors decrease when temperatures and pressures are reduced. A possible reason for these differences lies in the fact that codes do not have the same polynomial coefficient sources: McBride et al. (1993) for Gibbs 1.3 and Svehla (1995) for CEA. However, even these ranges of errors are acceptable based on results presented by Reid et al. (1987) , who obtained errors for viscosity in binary systems about ± 12% and, for a particular binary system, the error for thermal conductivity achieved 16%, being mostly between 5 and 7%.
COMBUSTION TEMPERATURE
For combustion temperature evaluation, 17 different problems were studied. Only the temperature of oxidant (LOX) and fuel (LH 2 ) were kept constant, with values of 90.17 K (corresponding to a enthalpy of -12.979 J/mol) and 20.27 K (-9.12 J/mol), respectively.
The results obtained from CEA and Teqworks codes were compared and, when it was possible, with other literature sources. The chosen tolerance to solve reaction degrees was 10 -12 , the same value for the tolerance to solve the total number of moles; the maximum number of iterations to evaluate the total number of moles was fixed on 5,000, which is the same value for maximum number of iterations to evaluate the dissociation rate for each reaction degree. The maximum number of iterations for solving the combustion temperature (Tc) was 500. Table 9 presents the combustion temperatures for a chamber pressure of 20 MPa and stoichiometric reactants' composition.
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Results from model 9 of Gibbs 1.3 have the same accuracy of the results obtained by Teqworks, when both codes are compared with results of CEA (confuse). The maximum errors for thermochemical parameters are 0.15% for Gibbs 1.3 (model 9) and 0.085% for Teqworks (according to Table 7) . About mass fractions, the absolute errors are 6.4 x 10 -3 and 3.6 x 10 -3 , for Gibbs 1.3 and Teqworks, respectively (based on Table 8 ).
For the other models, the results presented also good accuracy.
It is observed that the model 5, which has 6 species, presents results very close to the ones from model 9, which agrees with the other studied problems, not shown in this work (Marchi and Araki, 2005) . Otherwise, a model with only 4 species (such as model 2) does not predict properly the chemical composition and the thermochemical properties for the gases mixture at high temperatures, since, for these conditions, this model presents significant errors. Large errors are obtained when transport properties result from Gibbs 1.3 (models with six and eight species) 
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It is observed that the model 0, which involves 3 species and no dissociation reaction, overestimates the combustion temperature in 25% for a pressure of 20 MPa. In case of pressure value equal to 2 MPa, the evaluated error is 37%. Model 1, which counts 3 species and only 1 dissociation reaction, presents better results, with errors of about 8.6 and 11% for pressures of 20 and 2 MPa, respectively. Model 2, which presents 4 species and 2 dissociation reactions, presents, respectively, errors of 2.7 and 4.1% for pressures of 20 and 2 MPa. The best models, however, are those which have six and eight species. The maximum errors for the models with 6 species were 0.13%, for 20 MPa, and 0.11%, for 2 MPa, while the maximum errors for the models with 8 species were 0.11% for 2 and 20 MPa. The results obtained in these cases are more accurate than those obtained with Teqworks code, which presents errors equal to 0.30 and 0.19% for 20 and 2 MPa, respectively.
At chemical equilibrium condition, combustion temperature depends on only the number of chemical species. Therefore, models with same species, such as models 3, 4, 5 and 7 or models 9 and 10, present equal results. Comparing six-species models with eight-species models, it is verified that these models present very close results, like those observed at chemical equilibrium. It must also be noted that model 9, which has the major complexity, is not the slowest: its convergence was faster than 2 models with 6 species and 1 with 8 species. While model 9 requires 0.39 s, models 3, 4 and 10 require 0.56, 0.50 and 0.92 s, respectively, and models 5 and 7 require 0.23 and 0.35 s. Taking into account the necessary computational time, model 5 was the fastest among the 6-species models and model 9 was the best among the 8-species ones. Table 10 provides a series of data, in which Gibbs 1.3 code's results are compared with those of CEA and other sources from literature. It can be noted that Gibbs 1.3's results are very close to those provided by CEA code. While Gibbs 1.3's errors vary from 0.032 to 0.20%, the results from literature present errors in the range between 0.47 and 11%. Based on this, it can be concluded that Gibbs 1.3 provides good estimates for combustion temperature problems.
CHEMICAL NON-EQUILIBRIUM
Six different physical situations were analyzed for the nonequilibrium mass generation rate evaluation, the same conditions studied for chemical equilibrium determination and a new case corresponding to 3,000 K and 20 MPa. In all cases, the stoichiometric oxidant/fuel ratio was considered and the mass fraction's results, from chemical equilibrium module, were used as input data. Only 6-and 8-species models were analyzed, which can be seen at Table 11 . The model 3 from chemical equilibrium analyses was split up into two different models (models 3.1 and 3.2).
Differently from results obtained for chemical equilibrium, at chemical non-equilibrium condition, the same number of species does not mean equal mass generation rates, as it can be observed at [Sarner, 1966] 2,977.0 -1.0 As all models require less than 0.001 s for solving the first problem (presented in Table 9 ), another methodology was proposed to evaluate the computational CPU time execution: in this case, all models were executed 10 7 times to evaluate the average value. Comparing the required times, it was verified that the slowest model was model 9, which requires 63.4 s. Models 5, 7, 3.2 and 3.1 require 50, 38, 20 and 18%, respectively, of the period time required by model 9. In this case, even model 10 (with 8 species and 6 reaction equations) requires about 26% of the time required by model 9, being faster than models 5 and 7, which are 6-species models that consider 8 reaction equations.
Therefore, the computational time is directly associated with the number of reaction equations adopted by the chemical model. The mass generation rates are important to evaluate the mass fraction rates of a gas mixture in a chemical reactive flow. Although these rates cannot be used directly to evaluate the chemical composition from equilibrium flow conditions, in Fig. 1 , numerical results of a simple exercise are presented to show how the chemical composition of a gas mixture can change if the mass generation rates are taken into account. It must be observed, however, that these results are only illustrative; actually, to evaluate the chemical composition, a system of partial differential equations given by the mass, momentum and energy conservation laws, besides a state relation, such as the perfect gas equation, must be solved -which is beyond the scope of this work.
In Fig. 1 Evaluation of Chemical Equilibrium and Non-Equilibrium Properties for LOX/LH2 Reaction Schemes be emphasized, again, that the results shown in Fig. 1 refer only to an exercise, once the system of partial differential equations which models the real flow phenomenon is not solved. It also must be noted that equilibrium conditions are not achieved in real flows, once it implies that chemical reaction rates must to be infinitely large (Anderson Jr., 2003) . Because of this, chemical non-equilibrium models are preferable to evaluate mass fraction rates in a reactive flow, since they take into account both reaction rates and flow velocities.
CONCLUSION
A code for prediction of thermochemical and transport properties at chemical equilibrium and mass generation rates for chemical non-equilibrium was implemented using equilibrium constant methodology. The code, called Gibbs 1.3, evaluates also combustion temperature for a mixture of hydrogen/oxygen. Chemical reaction schemes implemented for equilibrium schemes varied from a model with only 3 species, without chemical dissociation reactions (called model 0) and a model with 8 species and 18 chemical dissociation reactions (model 9), while 6 chemical reaction models were considered for non-equilibrium.
The results for chemical equilibrium property evaluation were validated by comparison with results obtained from Gibbs 1.3 code and other sources, such as CEA and Teqworks. For thermochemical properties, the 6-species and the 8-species models presented global errors of about 0.085%, presenting the same magnitude order of Teqworks when results were compared with those from CEA. Most significant discrepancies in numerical results were observed for the thermal conductivity (about 15%) and viscosity (about 5%). These errors can be attributed to polynomial coefficient sources: McBride et al. (1993) , for Gibbs 1.3, and Svehla (1995) , for CEA. It must be noted that such magnitude of errors are acceptable, as it can be verified in Reid et al. (1987) . It was verified that global variables, such as total density or total specific heat, depend only on the species considered by the model, inasmuch as mass fractions obtained are equivalent. The computational time required for convergence is not equal for models with same species; against the common sense, models with more chemical reactions were, in general, faster than the ones with fewer reactions. Therefore, for chemical equilibrium and combustion temperature evaluation, the 6-species model recommended is model 5, while model 9 is the recommended 8-species one. Models with less than 6 species (such as models 0, 1 and 2) are not recommended since they present higher errors.
Analyses for non-equilibrium mass generation rate show that third body reaction equations and kf are fundamental for results, even if two models have the same number of species and the same third body reaction equations; if there are different values for kf, the results will be different. Otherwise, computational time required is directly associated with the number of chemical reactions considered by the chemical reaction scheme. Despite of model 9 being one of the fastest models in problems involving chemical equilibrium and combustion, this model was the slowest in non-equilibrium problems.
